We evaluated phage therapy in experimental infections due to S242, a fatal neonatal meningitis Escherichia coli strain belonging to the worldwide-distributed O25b:H4-ST131 clone that produces extended-spectrum beta-lactamase CTX-M-15. A lytic phage, EC200 PP , active against S242, was isolated from environmental water. After determining in vitro and ex vivo stabilities and pharmacokinetic properties of EC200 PP in rat pups, we assessed the therapeutic efficacy of a single dose of 10 8 PFU using models of sepsis and meningitis in which fatality was 100%. EC200 PP was partially neutralized by human serum. In contrast to the high concentration of phage in the spleen and the kidney, low titers in urine and the central nervous system were observed. Nevertheless, in the sepsis model, EC200 PP administered 7 h or 24 h postinfection resulted in 100% and 50% pup survival, respectively. In the meningitis model, EC200
filter. The enriched phage suspension was plated on LB agar medium with E. coli S242. Plaques formed on the plates after 24 h of incubation at 37°C. Single plaques were picked for phage purification and amplification. The phage were then stored at 4°C in a suspension in LB broth or physiological saline. Phage titers were determined by spreading diluted samples on a lawn of E. coli S242; after overnight incubation, plaques were counted, and their morphologies were assessed.
Determination of phage-resistant bacteria rate. A total of 10 9 to 10 2 CFU of S242 was plated on a LB agar, and then 1 ml of concentrated phage suspension containing 10 9 phage particles was poured over the surface. After incubation overnight at 37°C, isolated colonies representing phageresistant bacteria were counted, and the rate of phage-resistant bacteria was calculated (37) .
Adsorption rate, latent period, and phage burst size. One-step growth experiments were carried out according to previous descriptions (13) to determine first the adsorption rate and then the latent period and phage burst size. To determine the adsorption rate, samples were taken at different time intervals to analyze the free phage particles in the solutions. For latent period and phage burst size determinations, E. coli bacteria were mixed with phage solutions, and phage were allowed to adsorb for 15 min. The mixture was subjected to centrifugation immediately at 5,000 rpm for 10 min to remove free phage particles. The pellet was resuspended in fresh LB medium, and the culture was continuously incubated at 37°C. Samples were taken at 3-min intervals, and phage titers were determined. These results permitted us to calculate the number of phage produced per bacteria (burst size, [(phage titer at the plateau phase) Ϫ (phage titer at the latent phase)]/number of infective centers) and the latent period.
Determination of the MOI. Serial dilutions of bacteriophage stock solution (10 7 to 1 PFU/ml) were mixed with the same amount of E. coli cells (10 8 CFU/ml). The multiplicity of infection (MOI) was calculated by determining the ratio of phage titer to the number of cells per ml. After 4 h of incubation at 37°C, bacteriophage titers were determined and compared.
pH and thermal stability tests. pH stability and thermal stability tests were carried out as previously described (9, 13) . Briefly, suspensions of 10 9 PFU phage/ml in LB medium were incubated at different pH and temperatures, and samples were taken at intervals for assay of surviving PFU.
Restriction fragment analysis of genomic DNA. Phage were precipitated from culture supernatant with 10% polyethylene glycol (6000) and 1 M sodium chloride and concentrated by centrifugation at 9,000 ϫ g for 2 h at 4°C and resuspension in phage buffer (10 mM MgSO, 10 mM Tris [pH 7.6], and 1 mM EDTA) (10, 41) . Phage DNA was isolated by phenol extraction, followed by ethanol precipitation. Phage DNA (300 ng) was digested with the endonucleases HindIII and PvuII as described by the manufacturer (New England BioLabs), and the fragments were separated and visualized in a 0.7% agarose gel as described previously.
Host range determination. Ability of phage to infect 68 E. coli clinical isolates was tested. A total of 10 9 cells were mixed with melted agar, and this mixture was poured on solid agar to make double-layer agar plates. After solidification, 2 ϫ 10 6 PFU of bacteriophage stock suspensions was spotted on plates carrying each bacterial strain. After adsorption of the spots, the plates were inverted and incubated for 24 h at 37°C before the degree of lysis was scored (37, 46) .
Endotoxin purification of phage before animal injection. Phage were purified from endotoxins using a commercially available kit (EndoTrapH Blue; Cambrex BioScience, Verviers, Belgium), according to the instructions of the manufacturer and as previously used by Merabishvili et al. for human application (32) . The titer of phage in sterile physiological water was adjusted to 2 ϫ 10 9 PFU/ml for animal injections. Phage stability in different media. Stability assays were conducted by titrating phage at intervals during incubation in vitro at different temperatures and pH and ex vivo in rat serum, urine, and EDTA-treated blood and in human serum and urine. When necessary, serum was heated at 56°C for 30 min to inactivate complement. Human sera from 20 consenting healthy donors were obtained after approval from the institutional Pharmacokinetics. A total of 10 7 PFU of phage was injected into 15 animals at day 5, intraperitoneally (i.p.) or subcutaneously (s.c.) in the lower back, using a Microfine syringe (0.3 ml, 30-gauge; Becton Dickinson). Groups of five animals were sacrificed at 2, 6, and 24 h after injection. EDTA-treated blood (100 l), cerebrospinal fluid (CSF; 10 l), urine (50 l), spleen, kidney, and half-brain specimens were sampled. To evaluate the impact of contamination by red cells, all CSF samples were examined by microscopy for red cell contamination as previously described (22) . Spleen, kidney, and half-brains were weighed and then crushed into 500 l of physiological saline. At 2 and 6 h postinjection, samples were kept at 4°C for analysis in parallel with 24-h samples.
Sepsis models. All experiments and animal housing procedures complied with University Paris Diderot guidelines and were approved by the institutional review board (number 2011-14/676-0032). Four-day-old Sprague Dawley rat pups (Charles River, France) were received with mothers. For sepsis induction, inocula of S242 in physiological saline were injected i.p. into rat pups at day 5. S242 inocula were prepared by overnight growth in brain heart infusion broth at 37°C. After centrifugation, cells were resuspended in physiological saline, and the optical density at 600 nm (OD 600 ) was adjusted to 1.3, corresponding to 2 ϫ 10 8 CFU/ml. Suspensions were serially diluted to obtain correct inocula and for enumeration. To evaluate bacteremia, 5 l of blood was obtained by tail incision at 7, 24, and 48 h and diluted in 200 l of physiological saline and after 5 days by intracardiac puncture using EDTA. Quantitative cultures were obtained by sample serial dilution. To assess S242 meningeal invasion, CSF was obtained by cisterna magna puncture from animals anesthetized with isoflurane (Abbott).
Meningitis model by intrathecal injection. Meningitis by intrathecal inoculation via the cisterna magna was induced as previously described (38); 10 l of different S242 inocula was injected into anesthetized pups using a Microfine syringe.
Experimental treatment by phage. According to the infection model under study, phage were administered by i.p. or s.c. route at different times postinfection, taking care to separate the sites of phage administration and bacterial inoculation. The bacteremia and sterility of CSF were evaluated at intervals (24 h, 48 h, and 5 days) as described above. Phage counts in treated pups were performed as indicated above, at 24 h and 5 days in blood and CSF and at 5 days in crushed spleen.
Electron microscopy. Electron micrographs were taken with a transmission electron microscope (Philips CM10).
Statistical analysis. Data are given as means Ϯ standard errors. Significant differences in survival rates were determined among treatment groups by a log rank test (GraphPad Prism, version 4.00). Phage survival differences in different media were evaluated through two-way analysis of variance (ANOVA).
RESULTS

S242 belongs to the widespread E. coli clone O25:H4-ST131 that produces CTX-M-15.
Phenotyping and molecular characterization indicated that S242 belongs to serotype O25:H4 with a positive PCR for O25b (14) . It belongs to ST131 in the Achtmann multilocus sequence typing (MLST) scheme, and tests for all the genes sought were negative except iucA (aerobactin), fyuA (yersiniabactin), hra or hek (adhesion), and sat (secreted auto-transporter toxin). These results showed that S242 belongs to the E. coli clone O25b:H4-ST131 that produces CTX-M-15 (14, 35) .
Characterization of a bacteriophage with therapeutic potential. Three phages active against S242 were isolated from environmental samples and purified. One, EC200
PP , was found in preliminary experiments to be more stable in vitro, and this was chosen for the study and further characterization. Electron microscopy revealed a virion of 200 nm with an icosahedral head and a short tail of 100 nm, indicating that this phage probably belongs to the Podoviridae family (Fig. 1) . Genome size was estimated by restriction endonuclease digestion to be 36 to 40 kbp. EC200 PP formed plaques on 7 of 63 E. coli strains tested (Table  1) , notably TN03. Therefore, EC200
PP has a narrow spectrum and is potentially active against the CTX-M-15-producing O25b:H4-ST131 E. coli clonal group. The fraction of S242 cells resistant to EC200 PP was 7 ϫ 10 Ϫ6 . The main in vitro characteristics of EC200 PP against S242 ( Fig. 2A and B) were an adsorption time of 20 min, a 25-min latent period, a burst size estimated to 10, and an MOI of 10 Ϫ3 giving the highest phage progeny yield.
Stability of EC200
PP . Storage and body temperature stability are two important parameters in the therapeutic application of phage (Fig. 2C) . After 24 h and 5 days at 37°C in saline, the titer had fallen by 1 and 2 orders of magnitude, respectively. Furthermore, EC200
PP was relatively sensitive to acidic pH ( Fig.  2D ) but was stable for 1 month at room temperature (20°C) and pH 6.0 to 7.4. EC200 PP was stable in rat pup blood containing EDTA (anticoagulant used to sample blood) and in serum for at least 24 h (Fig. 3A) . In contrast, in human serum the free-phage titer fell by 2 to 3 logs in 2 h and then remained stable, indicating a partial inhibitory activity of human serum. The same result was obtained with three separate human sera, rendering unlikely the presence of a phage-specific antibody in the serum pool (Fig. 3B) . Neutralization was not observed in heated human serum, suggesting that complement is involved in the serum inhibitory effect. To determine whether the lack of phage neutralizing effect of rat pup serum was related to animal age and depletion in complement activity (28), we repeated the stability test using adult rat serum; no difference was observed between adult and rat pups. Finally, the inhibitory effect of serum was not specific to EC200 PP as the same partial neutralizing effect was observed with T4 phage (data not shown). In rat, as well as in human urine, EC200
PP appeared stable during 24 h at 37°C (Fig. 3A) .
Innocuity and pharmacokinetics of EC200 PP . We examined innocuity and pharmacokinetics of EC200 PP introduced by i.p. and s.c. routes in uninfected animals. For the innocuity test, 10 animals received purification buffer without phage, 10 received PP , a member of the Podoviridae family. Magnification, ϫ48,000.
10
8 PFU of EC200 PP in saline, and 10 received saline. No sign of toxicity was observed, and weight gain averaged 11 g in 5 days for all groups. The i.p. pharmacokinetics assay showed a high concentration of EC200
PP in blood at 2 h (10 7 PFU/ml); the phage were still detectable (10 3 PFU/ml) at 24 h. In spleen and kidney, EC200 PP concentrations were higher than in blood and relatively stable, suggesting trapping by each organ (Fig. 4A) . The blood/ tissue ratio in the brain extract was estimated to be 0.1 to 0.15 (39) . Therefore, most phage detected in brain samples at 2 and 6 h presumably originated from blood. However, at 24 h the same phage concentration was found in brain and blood, implying that phage cross the blood-brain barrier (BBB). Unfortunately, the very low phage concentration in CSF meant that even minimal contamination of CSF by blood prevented us from drawing conclusions about phage passage through the blood-CSF barrier (BCB).
After s.c. administration phage concentration in blood was low and delayed compared to i.p. injection, with a peak at 6 h postinjection (10 5 PFU/ml), although phage were still detectable at 24 h. High concentrations of phage were observed in spleen and kidney. We could not determine whether phage crossed the BBB or BCB after s.c. injection (Fig. 4B) because of the low level of phage detected and possible blood contamination. Finally, the passage of
FIG 2 In vitro characterization of phage EC200
PP comprising an adsorption rate test (A), single-step growth experiment where latent time and burst size of phage EC200 PP were inferred from the curve with a triphasic pattern (L, latent phase; R, rise phase; P, plateau phase) (B), thermal stability test (C), and pH stability (D).
FIG 3 Stability of EC200
PP inoculated at 10 7 PFU (black arrow) in different media (A) and in sera of different donors (B) during 24 h (*, P Ͻ 0.001 versus initial inoculum).
phage into urine was highly variable after i.p. administration as large differences were observed between individuals, and no phage were detected in urine after s.c. administration ( Fig. 4A and B) .
Sepsis model and treatment. The virulence of S242 in rat pups was evaluated by i.p. injection of 10 3 to 10 6 CFU. An inoculum of 10 4 CFU was chosen as it produced bacteremia of 3.08 Ϯ 0.4 log CFU/ml at 7 h, 5.7 Ϯ 0.03 log CFU/ml associated with peritonitis at 24 h, and finally death of all animals between 36 and 48 h. At 24 h postinfection meningitis was observed in only 15% (2/13) of the pups.
Two groups of 10 rat pups were infected with 10 4 CFU of S242 and treated at 7 h or 24 h postinfection by s.c. injection of 10 8 PFU of EC200 PP (Fig. 5A ). All rats survived when injection was at 7 h, and blood cultures were sterile as soon as 24 h postinfection. When injection was delayed to 24 h, half the rats survived until day 5, with negative blood cultures. In the group treated at 24 h postinfection, atypical colonies with rough morphology were observed upon plating blood samples taken 48 h after infection (5 Ϯ 0.3 log CFU/ml). These colonies were resistant to EC200 PP . One rough strain, named O4-EC200 PP R, was further characterized.
Characterization of mutant O4-EC200
PP R. Growth rates of S242 and O4-EC200 PP R in LB medium were identical (see Fig. S1 in the supplemental material), and biochemical properties, antibiotic susceptibility, and virulence factor expression were identical for mutant and parent strains (data not shown). However, whereas S242 survived and grew in human serum, O4-EC200 PP R was very serum sensitive; a 2-h exposure to serum reduced viability of the phage-resistant strain by at least 5 logs (see Fig. S2 ). To explore in vivo properties of O4-EC200 PP R, we examined its behavior in a sepsis model. After i.p. injection of 10 4 CFU, we observed sepsis in 7/10 animals at day 1 (4.3 Ϯ 0.9 log CFU/ml) (Fig.  5B) . Animal survival at day 5 was 100%, with all blood cultures being negative. These results indicated that the O4-EC200 PP R strain selected after EC200 PP treatment had a dramatically attenuated virulence associated with a pronounced susceptibility to serum. Additionally, a pool of rough colonies was tested as O4-EC200 PP R had been, and similar results were obtained, indicating that attenuated virulence was not unique to O4-EC200 PP R (data not shown).
Meningitis model and treatment. Since the sepsis model with 10 4 CFU injected by the i.p. route induced meningitis in only 15% of rat pups, an intrathecal model was chosen for assessment of meningitis treatment to use a minimum number of animals. Two hundred CFU of S242 was injected in the cisterna magna. Death ensued for 70% animals at 24 h and for all animals at 36 h. At 24 h, CSF samples of living animals yielded at least 10 6 CFU/ml. A group of 5 pups was treated with 10 8 PFU of EC200 PP by the i.p. route 1 h after infection. After 24 h all animals had sterile CSF and an average concentration of phage in CSF of 4.5 Ϯ 0.2 log PFU/ml. All animals survived to day 5 with no phage detected in CSF, blood, or spleen (Fig. 6A) .
Treatment initiated 7 h postinfection allowed a survival of 10/10 animals at 5 days. However, 6/10 cultures from corresponding CSF samples were positive at days 1 and 5 (4.8 Ϯ 0.9 and 3.8 Ϯ 0.5 log CFU/ml, respectively). At day 5, both rough and typical S242 colonies were observed. At day 1, CSF contained on average 5.3 Ϯ 0.8 log PFU/ml, whereas phage quantity in blood was equal or inferior to the detection threshold. No phage were found at day 5 in CSF, blood, or spleen. In light of these encouraging results, we wondered whether phage therapy could be effective with a higher inoculum such as that observed during human meningitis (26) . A total of 2 ϫ 10 6 CFU was injected in pup cisterna magna. Without treatment, 100% of animals died in less than 12 h (Fig. 6B) . At 1 h after infection 10 8 PFU of EC200 PP was injected i.p. All animals were alive at day 5. For all animals at 24 h, CSF cultures were positive but without bacteremia. Phage concentration in CSF (5.8 Ϯ 0.3 log PFU/ml) was 10-fold higher than that in blood (4.6 Ϯ 0.3 log PFU/ml), demonstrating the capacity of phage to cross the BCB and grow within the bacteria. At 48 h, all CSF samples were positive, but at day 5, two of three animals displayed sterile CSF; the third was positive. No CSF sample could be obtained from the two other animals. When treatments were delayed 2 h (n ϭ 3) and 4 h postinfection (n ϭ 4), efficiency and survival rate declined dramatically (Fig. 6B) .
DISCUSSION
In the last 5 years, significant increases in E. coli strains resistant to extended-spectrum cephalosporins have been observed in 14 of 33 European countries (www.ecdc.europa.eu). At present, carbapenems appear to be the last available treatment for severe infections caused by ESBL-producing E. coli. The recent emergence of carbapenemase in E. coli and the lack of new antibiotic discovery emphasize the need to develop alternatives. We have shown here, for the first time, that Podoviridae bacteriophage can cure sepsis and meningitis induced by an E. coli strain belonging to O25b:H4-ST131 clone, which produces CTX-M-15 and is spread throughout the world.
Our phage EC200 PP displayed a potent lytic activity as well as stability within physiological ranges of temperature and pH. To assess EC200
PP lytic activity in human tissues, we conducted ex vivo assays of phage in serum and urine. Our phage were stable in urine and moderately inactivated in human serum though not by serum of rat (or mouse) (data not shown). The neutralizing effect appeared to be related to complement activity. Specific antibodies, which phage are known to induce, are a potential alternative source of inhibitory activity (8, 43) . However, the similar neutralizing effects of the sera of three donors and the pool strongly suggest that human innate immunity is mainly responsible for the partial inactivation. Very few studies have noted that mammalian serum is able to neutralize bacteriophage (42) . Antibodies have been assumed to be responsible, but the exact source and mechanisms of neutralization have not been studied during the last 50 years. Our results thus suggest that human innate immunity might limit the efficacy of phage therapy in systemic experimental infection models. Similar results for phage T4 imply that this might be true of phage more generally. On the other hand, serum neutralization was rapid but incomplete, leaving 10 4 to 10 5 PFU/ml after 24 h of incubation, and phage could replicate in the presence of their pathogenic bacterial host and so compensate for phage losses (45) . Whether different phages have various abilities to resist human serum inactivation remains to be evaluated; we suggest that future assessments of experimental phage therapy should include this evaluation. Pharmacokinetic properties of phage in experimental models using adult mice have been described previously (19, 31, 36, 40, 44) but, to our knowledge, they have never been studied in a neonatal murine model. Our data indicated that EC200 PP was partially retained by spleen and kidney, where phage concentrations were at any time as high or higher than in blood, especially after intraperitoneal injection, as in mouse models (19, 31, 36) . The basis of this trapping phenomenon remains to be determined (19) . Of relevance to reduction of phage elimination by the host defense system, Merril et al. showed that serial passages in mice selected for phage that remain in the circulatory system (33) .
Although our infection models did not involve the urinary tract, phage diffusion into urine was studied since 20% of neonatal meningitis cases are secondary to a pyelonephritis (21) . Despite the high concentrations of phage observed in kidney, phage were present in urine after i.p. injection at a 1,000-fold lower concentration; no phage could be detected in urine after s.c. administration. Since we excluded the degradation of EC200 PP in pup urine, low diffusion into urine is the likely explanation. Nishikawa et al. (36) examined secretion of phage T4 into urine after i.p. injection in mice and observed a much lower count than in kidney. Such low concentrations were sufficient to treat animals with urinary tract infection, suggesting that a limited diffusion may be counterbalanced by phage growth in the inoculum bacteria. Finally, low brain concentrations of EC200 PP and nondetection in CSF suggest its low capacity to cross the BBB or BCF. Such pharmacokinetics have been described in mice (36, 40) , but diffusion in CSF has not been reported before.
Using a severe model of sepsis, which leads to 100% lethality in less than 48 h, we showed that phage EC200 PP administered in a single dose up to 7 h postinfection resulted in 100% survival. Even when the treatment was delayed by 24 h postinfection, 50% animal rescue was obtained. Smith et al., using a model of E. coli K1 septicemia, found only one natural phage, among 15 phages active in vitro, that cured 100% of animals at 8 h postinfection. However, when the treatment was delayed to 16 h postinfection, all animals died (7, 40) . This underlines the remarkable in vivo activity of EC200 PP . Moreover, in vivo activity of EC200 PP was not hampered by the selection of phage-resistant S242 since the mutants were avirulent. Reduced in vivo virulence without in vitro fitness cost has been reported previously for phage-resistant enterobacterial strains (8, 23) , as in the present study (see Fig. S1 in the supplemental material). In our case, the high sensitivity to serum killing may explain the lack of virulence of the phage-resistant isolate.
K1 capsular antigen is known to be a major virulence factor involved in crossing the BCB (25) . Yet 10 to 20% of E. coli meningitis strains, like S242, do not harbor this antigen (4). Although our strain was able to induce bacteremia levels compatible with BCB crossing (25) , low rates of meningitis were observed. Consequently, we used a previously published intracisternal infection method (24) . Others studies had evaluated phage therapy in experimental central nervous system infections by intracranial inoculation with E. coli (1, 17, 40) . This model does not match the usual site of E. coli infection since intracerebral, in contrast to CSF, infections are very rare in neonates (20) . Although EC200 PP has a low propensity for crossing the BCB, early administration after bacterial inoculation gave a major boost to survival, even when a high inoculum, such as that encountered in clinics, was used (30) . Even if a low quantity of phage reaches the subarachnoidal space, it may be sufficient to infect bacteria, multiply, and finally sterilize CSF. The sterilization of CSF, as well as the higher concentration of phage in CSF than in animal blood treated at 1 h or 7 h after infection, strongly supports the notion that EC200 PP crosses the BCB. Our work demonstrates the genuine potential of bacteriophage for treating sepsis and meningitis infections induced by the multidrug-resistant O25b:H4-ST131 E. coli. Further studies will aim to optimize this strategy through reduction of phage elimination by the host defense system and by enhancing barrier crossing.
